Under normal viewing conditions, humans make accurate judgments of object size for distances of as much as 100 feet. This perceptual capacity, known as size constancy, has been demonstrated by experiments which require humans and monkeys to report the size of objects located at di erent distances 1, 2, 3, 4] . To represent the size of an object in a distance-invariant manner, an estimate of distance is necessary to compensate for the diminution of image size with distance. A key question is whether the cues to distance act on early representations of size and form, or on higher representations of objects.
Viewing distance and angle of gaze are known to modulate neural responses in parietal cortex 5, 6, 7] and on the dorsal pathway to parietal cortex beginning in V1 8, 7, 9, 10, 11] . It has been rmly established that parietal cortex is involved in visuospatial coding 12, 13] . However, lesions to parietal cortex do not disrupt size constancy judgments in monkeys 3, 4] , suggesting that the visuospatial information utilized for size constancy is encoded in nonparietal areas. Area V4 is at an intermediate level in the ventral visual cortical pathway to inferotemporal cortex and contains a large proportion of size-selective neurons 14, 15] . We were thus interested in investigating the neural coding of size and distance in V4 of awake monkeys 16].
Two monkeys were trained to xate a spot on a movable monitor while viewing stimuli of a variety of sizes. Stimuli were scaled with distance so that retinal image size and speed were unchanged with changing distance 17].
One hundred and seventy eight cells were isolated and tested in two monkeys. Distance was a crucial parameter governing neural response in more than half the cells tested. Figure  1 illustrates typical results. Figure 1a and 1b are representative of cells that show response modulation with viewing distance, while Figure 1c illustrates a cell in which response is independent of distance. The most commonly observed type showed increasing response with proximity (Nearness cells), but the opposite type (Farness cells) were also common 18]. A small number of cells exhibited a non-monotonic response (Figure 3c ) as a function of distance (e.g. exhibiting a maximal or minimal response at an intermediate distance). Of the cells that modulated their response with viewing distance, 65% were Nearness cells, 22% were Farness cells, and the remaining 13% had non-monotonic response pro les. Because viewing distance and stimulus distance were not varied independently, it is not possible to distinguish viewing distance modulation from absolute distance tuning 19].
A two way analysis of variance was used to examine the e ects of stimulus size and distance on mean ring rate. Three quarters of cells were size modulated (133/178, p < 0.01), and almost two thirds showed modulation of responsivity with viewing distance (114/178, p < 0.01). In the absence of histological con rmation, we have combined V1 and V2 cells for analysis 20]. Sixty ve percent of V1/V2 cells (55/85), and 64% of V4 cells (59/93) exhibited a change in responsivity with viewing distance. Forty percent of V1/V2 cells (34/85) and 54% of V4 cells (50/93) showed statistically signi cant modulation for both size and distance. For both V1/V2 and V4 the fraction of cells exhibiting both size and distance e ects is not signi cantly di erent than the product of the fraction of cells exhibiting each e ect, implying that size and distance modulation have independent sources. Size and distance are combined from the outset in the visual cortex, providing, in a distributed form, the necessary elements to achieve object and spatial constancy.
The standard viewing situation a orded the monkey an unobstructed binocular view of the monitor and room, providing a variety of cues to distance. Under similar viewing conditions humans can exploit oculomotor as well as visual cues to distance such as linear perspective and occlusion 21, 22, 23]. Under binocular full eld viewing, horizontal binocular disparity and most pictorial cues are constant with changes in monitor position. In contrast, changing viewing distance entails changes in: (i) the angular subtense of the monitor; (ii) di erential binocular occlusion of the background regions anking the monitor 24]; and (iii) di erential perspective (horizontal gradient of vertical disparity) of the monitor 25, 26]. Each of these e ects would be manifested as beyond-the-classical-receptive-eld contextual in uences on the foveal and perifoveal units in our sample, and each would be eliminated under restricted eld viewing, leaving only extraretinal cues 27]. To distinguish the contribution of visual and extraretinal cues we performed the experiment under two additional viewing conditions. Measurements were repeated through either binocular or monocular apertures which restricted the animal's view to the monitor screen excluding the monitor frame and remainder of the room 28]. It is known that humans can perceive stereo depth di erences based on di erential occlusion 24], and that di erential perspective can be used for depth scaling, but only for objects su ciently large 26] (> 20 degrees which corresponds to viewing distances of 90 cm and less in the present experiments). In most of the cells studied it is not possible to distinguish among the visual factors contributing to distance modulation. However, gure 3c-f depicts a cell in which distance modulation is abolished under restricted viewing conditions but conserved under monocular full eld viewing 30]. For this cell the binocular contextual cues { di erential occlusion or di erential perspective { are not necessary, but the visibility of the ambient scene is, implicating pictorial cues. Therefore, in some neurons, one function of the nonclassical receptive eld surround may be to provide a context-dependent modulation related to object and spatial scaling.
Models in which extraretinal signals related to gaze direction and distance act on retinal representations via gain modulation are capable of transformations from eye-to head-based coordinates 31] and for representing distance 32]. These models were conceived as models of computations in parietal cortex because the early evidence of gaze-dependent neural response modulation was found there. However, the present ndings in combination with an earlier report of changes in responsivity with viewing distance in V1 neurons responsive to random dot stereograms 10, 11] , and a report of changes in responsivity with gaze direction in cat striate cortex 9], imply that the substrate for computations related to object and spatial constancy is already present in primary visual cortex.
A great deal of evidence supports the presence of spatial processing in the parietal cortex and object processing in the inferotemporal cortex 33]. A more recent proposal holds that spatial information is used for di erent purposes in the dorsal and ventral streams 34, 35] , and recent evidence from a human functional imaging study supports a dorsal/ventral dichotomy which depends on whether the observer is performing a landmark identi cation (dorsal) or survey (ventral) spatial task 36]. Our results demonstrate that distance-dependent modulation of visual response is a common property of neurons in V4 in the ventral visual cortical pathway. Consequently, spatial modulation is present in both dorsal and ventral visual cortical streams, and appears to be a fundamental feature of the visual cortex. The existence of a common set of distance modulation functions in all visual cortical areas could underlie a 3D spatial code for addressing and binding of computations carried out in di erent cortical compartments. measured size tuning in V1, V2, and V4 with respect to viewing distance in awake monkeys. Recording chambers were positioned to permit access to foveal and perifoveal V4 as well as V1 and V2. Two macaque monkeys were trained to reliably xate a small spot on a computer monitor for a juice reward, and xation was monitored monocularly with a non-invasive infrared video-based eye tracker. J. Barbur, W. Thomson 27] To ensure that ocular artifacts were not signi cant, a number of precautions were taken. An optometrist refracted both monkeys and established that they were capable of accurate accommodation at the distances used in the experiment. During the experiments, the monitored eye varied its position with distance consistent with the appropriate change of vergence. Pupil diameter was measured with the eye tracker and did not vary significantly with distance in either monkey ( . The xation criterion used was that ocular excursions of more than 0.25 degrees caused a trial to abort.
28] If viewing distance a ected neural response, the measurements were repeated under either binocular or monocular restricted viewing conditions. The monkey viewed the stimuli through either monocular or binocular apertures (6.5 degrees diameter). The remainder of the scene was masked such that only the monitor screen was visible to the monkey. Following this series, the experiment was repeated under binocular full eld conditions. 29] Because all receptive elds were in or close to the fovea (< 2.5 degrees eccentric in all cases), horizontal disparity of stimuli relative to the xation point would be expected to be very close to zero at all distances. However, if the monkeys made vergence errors during xation that varied systematically with distance, the responses of disparity-selective neurons could vary with viewing distance during binocular viewing. In the absence of binocular disparity this argument does not apply, and 15 of 33 neurons maintained distance modulation under monocular restricted viewing, demonstrating that distance modulation cannot be attributed to xation-induced disparity. An independent line of evidence on this point is provided by the the modulation of spontaneous activity observed in the absence of a stimulus in half the neurons (88/178) studied (88/178, p < 0.01).
30] For this cell, manipulating the frame size had no e ect (Figure 3e , see gure legend for details), ruling out a center-surround artifact. Local image variations with viewing distance, such as slight changes in brightness or contrast, or changes in pixellation, are common to all the viewing conditions and cannot account for the di erence between full eld restricted eld responses. Nor can xation disparity-induced horizontal disparity be responsible, since distance modulation is not dependent on binocular viewing. Therefore, local image variation with viewing distance cannot account for distance modulation. Similarly, binocular full eld measurements at 45 cm with a mask covering the monitor to simulate the appearance of the monitor screen and frame at a viewing distance of 180 cm, did not a ect the response strength at the preferred viewing distance. 
